Abstract To investigate the patterns and diagnostic implications of coronary arterial lesion calcification by CT angiography (CTA) using a novel, cross-sectional grading method, we studied 371 patients enrolled in the CorE-64 study who underwent CTA and invasive angiography for detecting coronary artery stenoses by quantitative coronary angiography (QCA). The number of quadrants involving calcium on a cross-sectional view for C30 and C50 % lesions in 4,511 arterial segments was assessed by CTA according to: noncalcified, mild (one-quadrant), moderate (two-quadrant), severe (three-quadrant) and very severe (four-quadrant calcium). Area under the receiver operating characteristic curve (AUC) were used to evaluate CTA diagnostic accuracy and agreement versus. QCA for plaque types. Only 4 % of C50 % stenoses by QCA were very severely calcified while 43 % were noncalcified. AUC for CTA to detect C50 % stenoses by QCA for non-calcified, mildly, moderately, severely, and very severely calcified plaques were 0.90, 0.88, 0.83, 0.76 and 0.89, respectively (P \ 0.05). In 198 lesions with severe calcification, the presence or absence of a visible residual lumen by CTA was associated with C50 % stenosis by QCA in 20.3 and 76.9 %, respectively. Kappa was 0.93 for interobserver variability in evaluating plaque calcification. We conclude that calcification of individual coronary artery lesions can be reliably graded using CTA. Most C50 % coronary artery stenoses are not or only mildly calcified. If no residual lumen is seen on CTA, calcified lesions are predictive of C50 % stenoses and vice versa. CTA diagnostic accuracy for detecting C50 % stenoses is reduced in lesions with more than mild calcification due to lower specificity.
Introduction
The presence and severity of coronary artery lesion calcification impact the risk of subsequent coronary events and the success rate of percutaneous coronary intervention (PCI) [1] [2] [3] [4] . Until recently, detailed assessment of coronary arterial lesion calcification required cardiac catheterization and intravascular ultrasound or optical coherence tomography imaging [5] . Multidetector CT coronary angiography (CTA) is a rapidly evolving tool for noninvasive coronary evaluation with high diagnostic accuracy for detecting obstructive coronary artery disease (CAD) in patients [6] . We have previously shown that CTA diagnostic accuracy is reduced both on a patient and on a coronary segmental analysis level with severe plaque calcification [7, 8] . Neither of these investigations, however, addressed CTA diagnostic accuracy in individual calcified lesions (i.e., C50 % stenosis). It is conceivable, that severely calcified plaques are not necessarily the site of the most severe lumen stenosis in a given artery segment. Grading lesion calcification by CTA has been limited by qualitative assessments [9] or complex density/area computations [10, 11] . There is a need for a simple, reproducible method to assess the degree of plaque calcification. Accordingly, the purpose of this study was: (1) To assess the patterns of coronary arterial lesion calcification in a large patient cohort using a novel, cross-sectional grading method using CTA. (2) To assess the reproducibility of such method. (3) To assess the effect of lesion (as opposed to previously reported segment level) calcification on CTA accuracy to detect a C50 % coronary arterial stenosis by quantitative coronary angiography (QCA).
Methods

Patient population
The patient population of the CorE-64 international study has been described in detail elsewhere [6] . All patients signed written consent forms approved by local IRB boards in addition to a central study IRB. In brief, patients 40 years of age or older who were referred for conventional coronary angiography for the evaluation of CAD were enrolled. Patients were not eligible if they had history of cardiac surgery, allergy to iodinated contrast dye or contrast dyeinduced nephropathy, multiple myeloma, organ transplantation, renal insufficiency, atrial fibrillation, New York Heart Association class III or IV heart failure, aortic stenosis, PCI within the past 6 months, intolerance to betablockers, or a body-mass index of more than 40 kg/m 2 . Patients with Agatston calcium scores of 600 or greater were prespecified to be excluded from the primary analysis of the CorE-64 study but included for secondary analyses performed identically to the main cohort. This current investigation includes data from the primary CorE-64 patient cohort and from those patients with calcium score C600 who were not included in the primary analysis of CorE-64.
Image acquisition and data analysis by 64-row CTA Methods applied in the CorE-64 study have been described in detail elsewhere [6, 12] . In brief, patients underwent CTA using 64-row scanners with a slice thickness of 0.5 mm (Aquilion, Toshiba Medical Systems), and a peak tube voltage set at 120 kV. Retrospective ECG gating was used, with heart rate-adjusted gantry rotations of 350-500 ms to enable adaptive multisegmented reconstruction. Sublingual nitrates were given before CTA angiography. Iopamidol (Isovue 370, Bracco Diagnostics) was the intravenous contrast medium used for this study. Beta blockers were given if the resting heart rate was above 70 beats per minute. Raw image data sets from all acquisitions were analyzed by an independent core laboratory. Using a modified 29-19 segments reduced coronary artery segmentation model [12] , two independent observers visually graded each of 19 nonstented segments that were 1.5 mm or more in diameter, for the presence of atherosclerotic plaques generating coronary obstruction according to an ordinal scale (no stenosis, 1-29 % stenosis, 30-49 % stenosis, 50-69 % stenosis, 70-99 % stenosis, or total occlusion). Then, segments with at least one atherosclerotic plaque causing stenosis of 30 % or more by visual inspection were quantified with the use of commercially available software (Vitrea2 version 3.9.0.1, Vital Images). For this purpose, readers used electronic callipers and/or semi-automatic coronary artery lumen contour detection provided by the software for identifying the minimum lumen diameter and proximal and distal disease free reference sites for each lumen stenosis as previously described and validated [6, 12] . Both the calliper tool and the semi-automatic arterial contour detection algorithms were used in longitudinal as well as cross-sectional projections at the discretion of the readers and results for the two readers were averaged. Interreader visual and quantitative differences exceeding 50 % were resolved by a third observer.
Assessment of the presence and degree of coronary atherosclerotic plaque calcification All coronary artery segments of at least 1.5 mm in diameter were examined for the presence of atherosclerotic plaques. A sharp reconstruction kernel (FC05) was used for all plaque calcification analysis. Window width and level settings were adjusted to the investigator's discretion to optimally visualize the coronary artery lumen and to identify plaque calcification. Plaque calcification within each coronary segment was determined as follows: In addition to the most severe plaque calcification by CTA within segment borders as previously described [7] , we assessed the plaque calcification associated with the most severe lesion (smallest minimum lumen diameter [MLD]) as defined by CTA for this investigation. The degree of plaque calcification was assessed using the number of quadrants involving calcium on an arterial cross-section, similar to previously reported utilizing intravascular ultrasound [13] . Calcium deposits within the atherosclerotic plaque were defined as structures that exceeded the attenuation (HU) of the intraluminal contrast. Atherosclerotic plaques were examined in cross sections with the cross hair centred in the artery, at the site of MLD as defined by CTA, dividing the vessel into 4 quadrants (Fig. 1) . A blinded reader assessed the atherosclerotic plaque for the presence of calcium according to the following ordinal scale: (1) non-calcified (no calcification present in any quadrants); (2) mild (one quadrant calcification, cross-sectional calcium arc \90°); (3) moderate (two quadrant calcification, cross-sectional calcium arc 90°-179°); (4) severe (three-quadrant calcification, crosssectional calcium arc 180°-269°); or (5) very severe (fourquadrant calcification, cross-sectional calcium arc C270°) (Fig. 1) . Therefore, compared to an earlier, preliminary iteration of this method [7] , we adopted a fifth category (very severe calcification) to allow adequate comparison to the standard set by intravascular ultrasound [13] and to permit more detailed assessment of plaque calcification for clinical applications and investigations. Since diameter stenosis was not quantified for segments with \30 % diameter stenoses by visual inspection, only the site with the most severe plaque calcification within the segment borders was used for analysis in such segments, i.e., no assessment was made at the site of the MLD in these cases. In addition, severely and very severely calcified plaques were examined for the presence (calcium grade 5A) or absence (5B) of visible residual lumen by CTA. A randomly selected subset of 100 plaques was reassessed 6 months later by the same observer and by a second blinded reader to test reader variability of assessing plaque calcification using the methods described.
Image acquisition and data analysis by conventional coronary angiography Conventional coronary angiography was performed no later than 30 days after CTA using conventional techniques of QCA. All coronary segments with 1.5 mm or more in diameter were analyzed visually and quantitatively using the classification of a 29-segments standard model [14] which was condensed to 19 segments for the equivalence of the number of coronary segments used in evaluation by CTA [12] . Evaluation by QCA was performed through the software (CAAS II version 2.0.1 Research QCA, Pie Medical Imaging) in all coronary segments revealing atherosclerotic plaques generating diameter stenoses of 30 % or greater by visual inspection.
Statistical analysis
All statistical analyses were performed with Stata Statistical Software (Release 11.0, Stata Corporation, College Station, TX) and SAS 9.2 (SAS Institute Inc., Cary, NC). To evaluate the diagnostic performance of CTA for the detection of coronary stenoses we performed a receiveroperating-characteristic (ROC) curve as the measure of diagnostic accuracy using QCA as reference standard (50 % or greater diameter stenosis). To test the diagnostic performance of CTA for lesions with different degrees of calcification we compared the respective areas under the ROC curve (AUC's), sensitivity, specificity, positive and negative predictive values. Confidence intervals for AUC's were adjusted for within patient clustering using the bootstrap with 2,000 repetitions. Ninety-five percent confidence intervals were computed using the percentile method. Confidence intervals for pair wise differences between AUC's for different levels of calcification were also computed using the bootstrap samples. Also, to account for within patient clustering, maximum likelihood estimates and confidence intervals for sensitivity, specificity, prevalence and predictive values were computed using a logistic generalized linear mixed model with a random subject effect. The P values are based on the Type 3 test for heterogeneity across calcification categories.
Results
Of 405 patients consented, data from 371 patients were available for analysis after excluding 34 patients for severe protocol deviations [6] . Patient characteristics, calcium score and CTA parameters are summarized in Table 1 .
Obstructive coronary disease (C50 % stenosis by QCA) was detected in 234 patients. Of these 234, sixty-five patients were medically treated and 169 patients were referred for coronary artery revascularization within 60 days after CCA. The majority (120 [71 %]) underwent PCI, while the remaining (49 [29 %]) were referred for coronary artery bypass grafting (CABG). Radiation doses for the CorE-64 cohort were previously reported, averaging 13.8 mSv for men, and 15.2 for women [6] . A total of 4,511 coronary artery segments that were of at least 1.5 mm in diameter as assessed by QCA were included in this analysis. CTA identified 1,072 coronary artery segments with at least one lumen diameter stenosis of C30 %, and 578 segments with 50 % or greater lumen narrowing. A similar distribution was found for QCA, which identified 1,014 lesions of at least 30 % lumen stenosis and 585 coronary artery segments with at least one C50 % lesion.
Coronary atherosclerotic plaque calcification
The complete distribution of atherosclerotic plaque calcification is summarized in Figs. 2. Of 4,511 coronary artery segments, 2,772 (62 %) had no or non-calcified plaques while only 198 (4 %) had severely or very severely calcified lesions (Fig. 2a) . The distribution of lesion calcification was similar for QCA and CTA (Fig. 2b, c) . Forty-five percent of lesions with C30 % stenosis by QCA were noncalcified or mildly calcified and only 9 % were severely or very severely calcified (Fig. 2b) . Similarly, 43 % of C50 % lesions by QCA were not or only mildly calcified by CTA and 9 % were severely or very severely calcified (Fig. 2c) . If the site with the most severe plaque calcification per segment was considered instead of the most severe lesion (i.e., most severe lumen stenosis), only 16 % of plaques were non-calcified but 30 % were severely or very severely calcified. This marked discrepancy among these two analyses indicates that the plaques with the most severe calcification are frequently not the site of the most severe lumen stenosis within a coronary artery segment and vice versa. An example of such scenario is shown in Fig. 3 . Of the 198 coronary arterial plaques with severe or very severe calcification (plaques with C180°calcium arc), a residual contrasted lumen was visible by CT in 172 (86.9 %). One hundred-forty-three (79.7 %) of these 172 plaques had \50 % diameter stenosis as defined by QCA. On the other hand, in the 26 (13.1 %) lesions without visible residual lumen, 20 (76.9 %) had 50 % or greater lumen narrowing by QCA, including 11 (55.0 %) total occlusions (Fig. 4) .
CTA diagnostic accuracy according to plaque calcification
CT coronary angiography diagnostic accuracy for detecting obstructive CAD as defined by QCA is summarized in Table 2 and Fig. 5 . CTA sensitivity to detect a 50 % or greater coronary artery diameter stenosis by QCA increased from 57.2 % (95 % confidence interval [CI] 50-64) to 85.7 % (CI 65-95) from the non-calcified to the very severe calcified plaques (P = 0.016). On the other hand, specificity decreased from 97.5 % (CI 97-98) to 83.9 % (CI 66-93) from the non-calcified to the very severe calcified plaques (P \ 0.001). Positive predicted values ranged from 64.2 % (CI 58-70) to 74.4 (CI 55-88) (P = 0.786), while the negative predicted values ranged from 97.1 % (CI 96-98) to 91.4 (CI 75-97) (P \ 0.001) Fig. 2 Distribution of coronary atherosclerotic lesion (site at the MLD) calcification in: a, all coronary segments; b, atherosclerotic plaques causing luminal diameter stenosis of C30 % by QCA and CTA; and c, atherosclerotic plaques causing luminal diameter stenosis of C50 % by QCA and CTA. QCA quantitative coronary angiography, CTA computed tomography angiography, Ca calcification, MLD minimum lumen diameter from the non-calcified to the very severe calcified plaques. CAD prevalence (C50 % by QCA) was greater in the very severe calcified plaques when compared no non-calcified plaques by CTA (36.4 vs. 7.5 %). Overall, CTA diagnostic accuracy decreased with the presence and extent of plaque calcification except for plaques with very severe calcification of which few were present in this cohort ( Table 2) . The AUCs for moderate (0.83; CI 0.78-0.87) and severe (0.76; CI 0.62-0.88) calcified plaques were significantly less than the AUC of the non-calcified plaques (0.90; CI 0.88-0.92, P \ 0.05 for both).
Reproducibility of assessing plaque calcification by CTA Interobserver and intraobserver agreement for assessment of plaque calcification arc at the site of MLD were excellent. After 6 months, the intraobserver agreement was 94 % with unweighted kappa of 0.92 (P \ 0.001), while the interobserver agreement was 95 % with unweighted kappa of 0.93 (P \ 0.001). Both observers performed a single grading of coronary artery plaque calcification within 1 min of evaluation.
Discussion
The key findings of this investigation can be summarized as follows: (1) Coronary artery lesion calcification can be reliably graded using cross-sectional CT images; (2) Only few lumen obstructive lesions (C50 % diameter stenosis) by QCA or CTA are severely or very severely calcified whereas most are not or only mildly calcified; (3) While significant stenoses are often present in severely calcified plaques, they are frequently not the sites of the worst lumen obstruction within a given coronary artery segment; (4) Sensitivity of CTA to detect C50 % diameter stenoses increases with the degree of lesion calcification while specificity decreases.
We have previously reported the relationship between the most severe coronary artery calcification within a given arterial segment and CT diagnostic accuracy [7] . We also reported CT diagnostic accuracy in patients with high calcium scores [8] . These assessments, however, did not consider if the site of the most severe calcification was found at an obstructive stenosis (i.e., C50 %) or not. This current investigation represents an important advance because we assessed individual coronary artery lesions Fig. 3 Case Example. Shown is a CT image of the right coronary artery. The upper arrow points to heavily calcified atherosclerotic disease which, however, is not obstructive. The lower arrow points to the most severe lumen narrowing in the same arterial segment, which is not calcified. The case illustrates our observation that severely calcified plaque frequently is not the site of the most severe lumen narrowing in a given arterial segment Fig. 4 The graph illustrates the relationship between the presence or absence of residual contrasted lumen visible by CTA and the presence (n = 55) or absence (n = 143) of C50 % lumen diameter stenoses by QCA for calcified atherosclerotic plaques with C180°calcium arc AUC area under the receiver-operating-characteristic curve, CI confidence interval * P \ 0.05 for the difference between AUC's with Non-Calcified group being the reference with C30 or C50 % stenosis for the degree of calcification in addition to merely recording the site of the most severe plaque calcification within a coronary artery segment. Our results show that indeed the site of most severe lumen narrowing is frequently not the site of most severe plaque calcification. Our analysis was possible through the use of a novel, cross-sectional grading method of coronary plaque calcification, which allows determining the extent of calcium precisely at the site of minimum lumen narrowing. Importantly, such grading of lesion calcification can be performed at minimum time consumption with high reproducibility. Assessing the extent of coronary arterial lesion calcification is relevant for prognostic, diagnostic and therapeutic considerations [1, 2, 4, 15, 16] . Coronary atherosclerotic plaques that contain no or little detectable calcium by CTA are associated with greater coronary event rates than are lesions with severe, dense calcium [3] . Currently, there is no consistent method in characterizing plaque calcification by CTA. Most previous reports described plaque calcification by CTA as spotty or densely calcified which has been associated with greater/lesser incidence of unstable presentation respectively [1, 3, 9, 17] . Such description of plaque calcification may not account for other clinically relevant patterns of calcification, however. Our results show that only 4-quadrant lesion calcification was associated with a marked increased probability of C50 % stenosis by QCA. Similarly, for the outcome of PCI, the extent but not the mere presence of calcification determines outcome [18] .
Diagnostic accuracy by CTA for identifying patients with C50 % coronary arterial stenoses is reduced in patients with calcium scores of C600 [8] . Since this lower diagnostic accuracy may be the result of decreased specificity in the setting of greater disease prevalence in such patients, it remained unclear if CTA diagnostic accuracy is different in calcified and non-calcified coronary artery lesions. Our data reveal that with increasing degree of coronary lesion calcification, sensitivity increases while specificity decreases for detecting C50 % stenoses. We found a similar trend in our analysis for the most severe plaque calcification per segment [7] -as opposed to lesion calcification in the present investigation-which may suggest that the decreasing specificity with increasing calcification is the result of high disease prevalence in such segments rather than inability of CTA to define stenosis in calcified plaques. Although sensitivity and specificity are generally assumed to be unaffected by disease prevalence within the study population, empirically this is often not the case [19] . We found sensitivity to be exceedingly low among 2,772 non-calcified sites with only 7.5 % disease prevalence whereas sensitivity increased with the degree of plaque calcification and associated greater disease prevalence.
The presence or absence of visible lumen by CTA with severely calcified lesions may have practical implications for guiding clinicians on assessing the significance of lumen obstruction. In our cohort, the absence or presence of residual lumen was approximately 80 % accurate in determining if a C50 % lumen diameter stenosis as defined by QCA was present or not. On the other hand, the most calcified plaque in a coronary artery segment is frequently not the site of the most severe lumen narrowing as our results revealed more than twice the number of non-calcified plaques with C50 % lumen stenoses compared to the most severe plaque calcification in the same segments. Accordingly, when assessing for obstructive coronary artery disease, the reader's focus should not be preoccupied only with calcified plaques in a given coronary artery segment which may lead to missing more stenotic noncalcified lesions in close proximity. Conversely, coronary artery segments containing very severe plaque calcification (4 quarter, C270 degree arc) are more likely to harbour severe lumen obstruction which may alert the reader to carefully inspect the segment for significant stenoses.
Limitations
Since the calcium assessment was performed for the most severe lumen narrowing within a segment as defined by CTA but not in side-by-side comparison with conventional angiography it is possible that in a few instances with several lesions within one arterial segment, evaluation for calcification may have occurred in plaques other than those identified by QCA. The fact that the distribution of lesion calcification is very similar for C50 % lesions by CTA and QCA for a given segment suggests this was rarely the case for significant lumen stenoses (Fig. 2) . On the other hand, distribution was somewhat more discrepant for C30 % lesions suggesting greater ambiguity in these cases (Fig. 2) . The latter finding is intuitive as it is more probable for several C30 % stenoses to be present in a segment than numerous C50 % lesions. As acknowledged in our method section, our analysis of all segments is limited by the fact that calcium arc assessment was confined to the plaque (if any) with the most severe calcification for segments with\30 % stenosis by visual CTA assessment as these segments contained no lesions by definition.
Conclusions
The degree of coronary arterial lesion calcification can be reliably assessed using calcium arc evaluation on crosssectional CT images. Only a minority of lesions with C50 % stenosis are severely calcified whereas most obstructive plaques have no or only mild calcification. Severely calcified plaques are frequently not the most stenotic site within a coronary artery segment. The presence of residual lumen by CTA may help distinguish obstructive from non-obstructive plaques. Sensitivity of CTA to detect C50 % stenoses by QCA increases with the degree of plaque calcification while specificity decreases, leading to overall reduced diagnostic accuracy in calcified vs. noncalcified lesions.
